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Summary

We demonstrate that planar stagnation flow can be achieved using molten
polystyrene in a die with walls lubricated by silicone oil. The boundary
conditions and flow in the lubrication layer are discussed. Wall pressures
drop by nearly an order of magnitude under lubricated conditions. Pressure
values were below the accuracy of our transducers. However, both normal
stress differences were measured by birefringence and at low extension rate
were found in good agreement with the values expected for a Newtonian
fluid. Even unlubricated flow gave similar stress differences at the same flow
rates, indicating that the shear is confined to a thin layer near the die wall.
Tracer pictures confirm this. Extrudate swell was also measured and found
to be in reasonable agreement with total recoverable strain predicted from
shear measurements.

1. Introduction
Measurement of extensional material functions is still relatively undevel-

oped in comparison to shear rheometry. Great progress has been made.in
uniaxial extension; however, relatively few results are available in planar or
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biaxial extension [1,2]. Recently, we have suggested that lubricated stagna-
tion flow dies can be used for generating steady extensional flow [3]. Van
Aken and Janeschitz-Kriegl [4,5] used lubricated stagnation flow for generat-
ing equal biaxial extension. They recently reported birefringence and total
thrust data for polystyrene. Here we report experimental results with a
lubricated planar stagnation die using polystyrene melt samples and silicone
oil as lubricant. Some of our initial results have already been described [6].

Several investigators [3,7,8] have generated unaxial extensional flow in
tapered dies with a lubricated wall. The dies were fed by converging flow
from an upstream reservoir of larger cross section. The total strain in these
experiments was found to be very small due to unfavorable inlet conditions
[3]. A major reason for preferring stagnation flows is to increase this total
strain and reach steady state in stresses.

2. Dynamics of planar stagnation flow

The kinematics of planar extensional flow at constant density are

(v)=(éx, —éy,0), (1)
where x, y, z are the coordinates in the principal directions shown in Fig. 1.
The rate of extension ¢ is assumed to be constant throughout the fluid and,
in the case of steady planar extension, independent of time. Then material
elements move along stream surfaces :

Fig. 1. Planar stagnation flow formed by the impingement of two long rectangular jets;
xy = A is the equation for a stream surface; x,, y, are coordinates at the entrance to the flow.
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Xy =const.= x,y, = A. (2)
The extension of a material element when moving from x, to x is

e=In(x/xq). (3)

A material element entering at the symmetry plane, x = 0, will be subjected
to an infinite strain, while a material element on the outer stream surface,
xy = A, is stretched the least. The volumeric flow rate between stream
surfaces xy = 4 and xy = — A is proportional to the extension rate,

Q= 264, 4)
where [ is the stream width.

Two normal-stress coefficients or “planar viscosities” can be defined in
steady planar extension:

nxy = (Txx - Tyy )/é (5)
and
nyz = (Tyy - Tzz )/8 ' (6)

A third viscosity can be defined equivalently: 5,, =,, +7,,. For a Newto-
nian fluid with viscosity 7, these coefficients become
Ty =40, M= "2M, M, =27 (™

If we neglect gravity and inertial effects, the stress on the stream surface
has the components [3] (see Fig. 2)

2
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Fig. 2. Normal stress T, and shear stress T, at stream surface xy = A of planar extension
flow, eqns. (8) and (9). Subscripts n and t refer to an orthonormal coordinate system (x,,, x,)
which is tangent to the stream surface.
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X
1=y (T T 9)
where the indices t and n indicate the tangent in the flow direction and the
normal to the stream surface, respectively. The normal stress difference
T, — T, is required to be uniform throughout the volume. The boundary
conditions for steady planar extensional flow are therefore:

(a) a finite shear stress along the stream surface, having its maximum
value at x=y=V4;

(b) a tension T, along the stream surface which decreases in the flow
direction (assuming uniform T, ). Correspondingly,pressure transducers
along thestream surface should read increasing pressure values in the flow
direction.

In and effort to achieve this ideal planar stagnation flow, the test fluid is
pumped through a die with lubricated walls. If the lubricant layer can be
made thin, then the die wall can be made to follow a stream surface. Further
analysis of the lubricant layer is given in the Appendix. Below we present
some experimental observations of the stresses and deformations in planar
stagnation flow.

3. Experimental

3.1. Apparatus

Figure 3a shows a cross-section of the planar stagnation flow die (die #1)
used for most of the experiments. A material elemtns passing through the die
at the stream surface is stretched by &€ = 3.0. The stream surface id defined
by xy = A = 69.8 mm?. Figure 3b shows the die with the top and end melt
feed plates removed. The end plate divides the melt stream equally and
directs it into two circular channels. The other end plate distributes the
lubricant into the four semicircular channels from which it flows through a
narrow gap and then is directed down along the die walls. A second die (die
#2) of similar dimensions but with windows in each of the end plates was
also used for some visualization studies. Ocansey [9] gives more details of the
apparatus.

Figure 4 shows the set-up for supplying molten polymer and lubricant to
the die. A 1 in. diameter Killion extruder with a maximum output of about
10 kg /h delivered a polystyrene melt to the die.A gear pump (Zenith ZM; 3
hp 1725 rpm motor) metered out the lubricant at 0-2.7 cm®/s. Hydrocarbon
oils were found unstable at the high temperatures used but silicone oils
worked well (Dow Corning 200 Fluid). A silicone oil with 1 Pa s viscosity
worked better than several lubricants with lower viscosities but a systematic
study of viscosity influence was not done. Temperature of the lubricant, the
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Fig. 3. (a) Cross section of the planar stagnation die, stream width /=100 mm; x, =2.0 mm,
Yo =34.9 mm. Pressure tap for measuring p,. (b) Planar stagnation die with the top and end
melt feed plates removed.

incoming melt and the die were maintained at = 1 K of the test temperature
by proportional controllers.

3.2. Materials

A general purpose polystyrene (Monsanto; Lustrex 101) was used. Its
weight average molecular weight was 4.0 X 10° and polydispersity was 2.0 by
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Fig. 4. Arrangement of lubricated stagnation die with extruder for feeding polymer melt, gear
pump for the silicone oil lubricant and pressure transducer.

gel permeation chromatography. Its zero shear rate viscosity was 1.7 X 10*
Pa s at 200°C by steady and oscillatory shear measurements in the cone and
plate mode of a Rheometrics Mechanical Spectrometer. From steady shear
normal stress measurements in the cone and plate, the limiting zero shear
rate compliance [10] was determined as

T, — T,
J2=1lim +—2=6X10""Pa~". (10
=0 2(T,)

Some uniaxial extensional measurements were made using a Rheometrics
Extensional Rheometer [11,12]. In both constant rate and constant stress
modes, steady state was achieved relatively quickly (at low strain) as has
been reported for similar commercial polystyrene samples [12,13].

4. Procedure and results
4.1. Lubrication procedure

Unlubricated experiments were first conducted and the pressure at the
inlet, p,, recorded. A typical pressure recorded after start up of the extruder
is shown in Fig.5. The steady state value of 9.6 X 10* Pa compares fairly
well to 13.8 X 10% Pa calculated by approximating the die shape with two
wedges and then using Hamel’s exact solution for a Newtonian fluid [14].

To achieve lubrication, the die was first taken apart and polymer removed
from the test volume. It was then reassembled and heated to the test
temperature. The gear pump was started, .flooding the die with the lubricant
- and ensuring that all the walls were covered. Melt was then pumped into the
die under the lowest extruder flowrate. When melt was first pumped into an
empty die it was not possible to achieve lubrication. Also, it was generally
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Fig. 5. Typical inlet pressure traces, p,, for three lubrication conditions.

not possible to reestablish lubrication after stopping the experiment.

After lubricated stagnation flow had been established, the extruder flowrate
was increased. Timed samples were cut from the die and weighed to
determine the flowrate of the melt. This was used to calculate the average
extension rates by eqn. (4). A melt density of 10 kg/m’ was used for
polystyrene at 200°C.

A typical pressure trace for steady lubricant pumping is also shown in
Fig.5. We see that at the same flow rate with lubrication the pressure is
much less than without lubricant. The pressure p,, however, is dependent on
the pressure in the lubricant as generated by the gear pump. When the pump
is momentarily cut off, the pressure drops considerably to a new steady state
which can be maintained for several minutes before lubrication is lost.

This result was checked with another set of experiments performed
without pumping the lubricant. A piece saved from the previous experiment
was coated with lubricant and inserted into the die. The die and the extruder
barrel were then heated up to the test temperature. The extruder was then
started up at a known flowrate and the response of the pressure as a function
of time was recorded. A typical trace is shown in Fig.5. At the given
flowrate, lubrication is lost after about 6 minutes, but the steady state
pressure up to that point agrees with that measured when the gear pump is
shut off in the previous run. This is the condition under which pressure data
were taken. ‘

Detailed pressure data are not reported here, since the commercial pres-
sure transducers could not accurately measure the low pressures at the wall.
Secondly, we were not able to find increasing pressures along the wall of the
die (increasing x while xy = A) as predicted from eqn. (8). Therefore it was
not possible to determine viscosity functions from the pressure data.

Note that the procedure used is different from the one proposed by
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Fig. 6. Tracer studies under (a) lubricated and (b) unlubricated conditions. @, =0.14 /s
Q. =0.2 cm*/s, 200°C. Note the stagnation line at the center of the die. Dashed lines were
added to photographs to define the edge of the transparent samples.

Everage and Ballman [8] who continued to pump lubricant while taking their
pressure measurements and then subtract off the pump pressure. We found
this procedure quite inaccurate in our case.

In general we found it difficult to achieve lubrication. Temperature
control across the die length was critical. The lubricant must be preheated or
it will cool off the end of the die causing non-uniform flow and loss of
lubrication. If the lubricant flow rate is too high it can cause unstable flow:
pockets of lubricant form at the wall and _waves appear on the extrudate
surface. We were able to achieve good lubrication with a flow rate of 1.5-3
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times the polymer flowrate. As mentioned above, we were not able to
achieve lubrication at the maximum extruder output. The major cause of this
was backing up to polymer melt into the oil distribution lines. This could be
improved by narrowing the lubricant feed gap and possibly by using a higher
viscosity oil. A more fundamental problem may be the lubrication of the end
plates.

Some qualitative observations of the velocity field in the die were also
made. A solid polystyrene piece from a previous run was removed from the
cold die. Holes 1.3 mm diameter were drilled in the y direction near the
entrance plane and black rods of polystyrene were inserted. The test piece
was coated with lubricant, replaced into the die, heated and then fed with
more melt at a low flow rate for about 2 minutes. The piece was again
cooled, removed, and machined to reveal the tracer. A precoated and an
unlubricated sample are shown in Fig. 6. For ideal stagnation flow the tracer
line should remain horizontal. For the lubricated experiment, the y coordi-
nate varies from center to wall by 12%. This may be due to distortions of the
tracer upon heating and cooling in addition to shear stresses in a non-ideal
lubricant layer. The tracer showed that there was slip at the wall. For the
unlubricated experiment the tracer makes a streak along the wall demon-
strating the no-slip boundary conditions. However, it is remarkable that the
velocity profile is so flat near the center of the unlubricated flow. When the
dimensions of the two test pieces in Fig. 6 are compared they agree to within
0.2 mm except near the center where the piece from the lubricated die is 0.5
mm narrower. These results indicated that under our normal operating
conditions the lubricant layer was quite thin.

4.2. Flow birefringence

The stress was measured through the anisotropy of. birefringence.
Janeschitz-Kriegl and co-workers have shown that the stress optical law
holds for polystyrene melts over a very wide range of.deformation rate
{4,15,16]. The optical system shown in Fig.7 consists of a tungsten light
source, a lens, a slit, a polarizer, a wedge-shaped glass window 6 mm wide

WEDGE SHAPED
GLASS WINDOW

SLQITPOLARIZER
A\ I n/“ >\
\V ﬂ L | lBTlEIT

ABIN AR
LENS . ) "DIE COMPENSATOR ocuL

‘L
SOURCE . 4 .
Fig. 7. Schematic of line birefringence optical measurement system.
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across each exit plane of the die and a Babinet compensator. The slit gives a
beam of light in the x direction about 2 mm thick. With this arrangement,
the birefringence An,, was measured. For planar extension the principal
stresses are aligned with the coordinate direction, and the birefringence is
proportional to the principal stress difference

An,,=C(T,~ T..), (11)

where C is the stress optical coefficient, C =4.0 X 10~° m2/N, for poly-
styrene [16]. Using the second die with windows in the end plates and the
same optical system we were able to measure the birefringence in the x, y
plane

An,, = C(T,,— T,). (12)

The amount of birefringence in the y, z plane was measured under
lubricated and unlubricated conditions and compared in Fig. 8. The agree-
ment between them is surprisingly good. This says that the state of stress
near the center of the die, along streamlines near y =0, is independent of
wall conditions. This same result can be inferred from tracers in Fig.6.
Using eqns. (11) and (6) the planar viscosity was determined and plotted in
Fig.9. Again we see good agreement between data obtained with lubricated
and unlubricated flow. ~
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Fig. 8. Birefringence difference in the y, 2 plane as a function of extension rate at 200°C for

both lubricated and unlubricated flow. Extension rate was calculated as ¢=Q/2x,t,/ for
both cases.
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Fig. 9. Extensional viscosity results from birefringence measurements with die #1 of Fig 8
compared to shear at 200°C.

Figure 10 shows birefringence data taken with the second die which has
windows in the end plates. The first normal stress difference was calculated
using eqn. (12). The agreement with 47, is good. Full field birefringence
measurements with this die show a large region of uniform stress around the
stagnation line [9]. Further birefringence studies are in progress.

4.3. Extrudate swell

Since ideal lubricated planar stagnation flow is homogeneous, the thick-
ness of the extrudate should measure recoverable strain. The polystyrene
melt was extruded from the die under lubricated conditions onto a lubri-
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Fig. 10. Extensional viscosity results from birefringence measurements with die #2 in the x, y
plane, unlubricated flow compared to shear data at 200°C.
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cated sheet of metal. The extrudate was cut into 5-10 cm lengths and
allowed to swell to equilibrium in a silicone oil bath of the same temperature
as the die for about one hour. The final thickness divided by die gap opening
is plotted in Fig. 11. )

The total recoverable strain for these low deformation rates can be
calculated from J?

Je0:gr/(7;x— T:vy) =£r/4n0é‘ . (13)
Using the values for J. and 7, reported above we obtain
e, =H/H,—1=4.1¢ (14)

This result is plotted as the solid line in Fig; 11. The agreement is reasonably
good. There is very little extrudate swell because the deformation rates are so
low.

5. Conclusion

We have demonstrated that lubricated stagnation flow can be achieved
experimentally and can be used to obtain extensional material functions.
Lubrication was shown in the large reduction in pressure for the same flow
rate, and by the tracer profiles.

Everage and Ballman’s [8] problem of low total strain and thus difficulty
in achieving steady state in the stresses is solved here by using stagnation
flow in which the total strain along the central streamline is infinite and
nowhere is less than 3. In stagnation dies, the minimum total strain can
reasily be increased by changing the curvature.

The approximate analysis of the lubricant layer demonstrates that steady
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Fig. 11. Equilibrium extrudate swell after lubricated die flow for polystyrene 101 at 200°C

and 180°C. The solid linie is calculated from the recoverable strain predicted from J? and 7,
eqns. (13), (14). a : i o
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planar extension cannot be achieved in the entire sample. An optimal design
of the lubricant layer will give a large region of steady planar extension
around the stagnation line. The decision on optimal lubrication conditions
will only be possible after an analysis of the complete two phase flow of the
sample together with the lubricant. This analysis is in progress.

The potential advantage of lubricated flows over “pulling type” experi-
ments [11-13] is that they can be used at higher extension rates and on lower
viscosity fluids. In this study we believe that we were limited to lower rates
by our extruder feed and by back up in the lubricant feed slots. This is being
rectified with a new die. In our earlier paper [3] we demonstrated that
lubrication can be achieved for a sample fluid of very low viscosity. Further
work is in progress in this direction.

Flow birefringence was found to be a sensitive measure of normal stress
differences in stagnation flows. A remarkable result of our work is that even
without lubrication the stresses near the central strain planes or around the
stagnation line are very similar to those expected for steady planar exten-
sional flow.

Appendix: lubricant layer

An approximate technique is used to analyze the kinematics and the stress
in the thin lubricant film between the sample fluid and the solid wall.
Possible velocity distributions are sketched in Fig. Al. The layer thickness
8(x) is small. Therefore, curvature can be neglected in the analysis. The high
lubricant flow rates Q, needed in the experiments suggest that pressure flow
was important for the kinematics, i.e. the velocity should be as sketched on
the right hand side of Fig. Al. Velocity and stress are most conveniently

Interface
Sample/
Lubricant

Fig. Al. Sketch of lubricant layer on a curved die wall. Velocity distribution in lubricant
layer: drag flow (left side) as compared to a superposition of drag and pressure flow (right
side).
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described in a local coordinate system (x,, x,) with its origin at the
fluid /fluid interface xy = A.
The equation of motion for an incompressible Newtonian fluid becomes

2
o= -2, %0 (15)

- )
axt axﬁ

where p is the viscosity of the lubricant. Inertia, gravity, and velocity
gradients in tangent direction are neglected. The boundary conditions of the
velocity field (assuming no slip) are

vt(O):vi’ 01(8):09 (16)

where v, is the velocity at the interface. The pressure in the lubricant layer, p,
is just equal to the negative of the normal stress at the interface, (7;,);:

p:_(Tnn)i' (17)

The pressure gradient can be assumed to be constant across the film.
Equation (15) is integrated to get the velocity distribution

e =of1-% ) M 22 w

as sketched in Fig. Al. The shear stress in the lubricated layer at the
interface

—_ avl —_ ’J'Di a(Tnn)i 8
(T)=n(ge ) = -5+ Tgmb g (19)

can be positive or negative, depending on the contribution of the pressure
gradient in the tangent direction. The criterion for a vanishing shear stress at
the interface is

a(Tnn)i _‘i_ 1

dx, mwo;, 2"
The thickness of the lubricant layer is determined by the lubricant flowrate
_— 8’ a(T;'m )i 83[
Qu=viy 5 12

(20)

and by the boundary condition v, and (7,,,);. In steady lubrication, the flow
rate Q, is constant along the lubricant film (assuming /= const.) while Q.
for a precoated sample (see Section 4.1) changes in space and time.

Note that v, and (7,,,); are not known yet. They should be determined by
an analysis of the entire two phase flow. We are, however, interested in
answering a very specific equation: which lubricant layer kinematics are best
for achieving steady planar extension in the sample? The boundary condi-
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tions at the fluid /fluid interface required to give steady planar extension are

v, = é(x?+4%/x%)"? (1)
for the velocity and the stress components T, and T, of eqn. (8) and eqn.
(9). The stress distribution along the interface is shown in Fig.2. It is

important to note that the shear stress is equal to zero at small x and at large
x, but a finite shear stress is required at intermediate x-values.

Negligible pressure flow

In a very thin fluid layer, the velocity contribution -due to the pressure
gradient is negligible compared to the drag contribution (left side of Fig.
A1). The condition for such a thin layer is (see eqn. (18))

ap 8

dx, pv; «l. (22)

The shear stress at the interface, eqn. (19), becomes independent of the
normal stress distribution along the interface:

(To)i= —poi/8. (23)

In steady lubrication, the flow rate Q, is constant and the layer thickness
depends just on the velocity v;

=20, /h;. (24)

The shear stress at the interface then becomes

— Bl
(Tm)i_ 2QL v;. (25)
A special case of this boundary condition (for Newtonian fluids on both
sides of the interface) has been suggested by Joseph [17].

In our experiment we want to achieve a velocity at the interface, v;, and a
shear stress at the interface, (7, );, which would give steady planar extension,
see eqn. (21) and eqn. (9). The desired velocity v; gives a negative shear stress
(from eqn. (25))

- pl - BEQn 2,2
(Tm)i 2QLvi 4AQL (X +4 /x )’ (26)
while the desired shear stress (7,,), is positive (from eqn. (9))
A
(%)Fm(%—%)- (27)

It therefore can be concluded that a very thin lubricant layer is not
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favourable for achieving the desired boundary condition. It comes closest if
the shear stress is made small, i.e. if the coefficient péQ_  /AQ, is made
small. This might be the reason why we only could establish lubrication with
a substantial pressure flow component in the lubricant film.
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